The pressure gradient technique was used to evaluate effects of respiration on left ventricular stroke volume in 22 patients: 11 normal patients; eight patients with airway obstruction; and three patients with pericardial tamponade. In normals, stroke volume, systolic pressure, and pulse pressure fell an average of 7, 3 and 11% (P < 0.01), respectively, during inspiration. In patients with airway obstruction, these parameters decreased by 25, 12 XLVIII, July 1973 variations in intrathoracic pressure to the aorta and the arterial tree, and in part from respiratoryrelated changes in left ventricular stroke volume. The inspiratory drop in systemic arterial pressure has also been ascribed to a delay in transmission through the pulmonary vascular bed for the fall in right ventricular stroke volume which accompanies expiration.2' 3 Pulsus paradoxus, an exaggeration of the inspiratory fall in systemic arterial blood pressure, has been observed in many conditions in man including airway obstruction, pericardial tamponade, marked obesity, tense ascites, hypovolumic shock, and during tilting and Z axis spin in a centrifuge.4-6 A more pronounced expression of one or more of the mechanisms described above has been postulated to be responsible for pulsus paradoxus.2-12 A major difficulty in evaluating these respiratoryrelated hemodynamic events in man has been the inability to measure both phasic aortic blood pressure and flow; thus, changes in stroke volume have previously been inferred from pressure data. The present study was undertaken to assess directly the effects of respiration on left ventricular stroke volume and to further evaluate the genesis of pulsus paradoxus. The pressure gradient technique13 was used to measure phasic aortic blood flow and pressure during both continuous and interrupted respiration in normal patients and in patients with 79
variations in intrathoracic pressure to the aorta and the arterial tree, and in part from respiratoryrelated changes in left ventricular stroke volume. The inspiratory drop in systemic arterial pressure has also been ascribed to a delay in transmission through the pulmonary vascular bed for the fall in right ventricular stroke volume which accompanies expiration.2' 3 Pulsus paradoxus, an exaggeration of the inspiratory fall in systemic arterial blood pressure, has been observed in many conditions in man including airway obstruction, pericardial tamponade, marked obesity, tense ascites, hypovolumic shock, and during tilting and Z axis spin in a centrifuge.4-6 A more pronounced expression of one or more of the mechanisms described above has been postulated to be responsible for pulsus paradoxus. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] A major difficulty in evaluating these respiratoryrelated hemodynamic events in man has been the inability to measure both phasic aortic blood pressure and flow; thus, changes in stroke volume have previously been inferred from pressure data. The present study was undertaken to assess directly the effects of respiration on left ventricular stroke volume and to further evaluate the genesis of pulsus paradoxus. The mean stroke volume fell 7% (P < 0.01), systolic blood pressure 3% (P < 0.01), and pulse pressure 11% (P < 0.01) from the control values at end expiration. These findings persisted for one to two heart beats. A statistically significant increase above control values could not be demonstrated in stroke volume, systolic blood pressure or pulse pressure during early expiration. Following a period of breath-holding, the onset of inspiration resulted in decreases in stroke volume, average 8% (P < 0.01), systolic blood pressure 4% (P < 0.01), and pulse pressure 5% (P < 0.01). These changes were statistically similar to those which accompanied inspiration during continuous respiration. The cycle as were noted during the control heart rate. In the three normal patients in whom airway obstruction was artifically produced, hemodynamic changes occurred which were similar to those in patients with naturally occurring airway obstruction.
In the bottom section of table 1, individual data from three patients having pericardial tamponade are listed. Respiratory rates ranged from 12 to 20 per minute in these patients. In each patient the onset of inspiration was accompanied by a marked drop in stroke volume, systolic blood pressure and pulse pressure; in fact, in one patient, ejection was absent during early inspiration. Recordings from this patient, O.M., are illustrated in figure 2 . A marked increase above the control values of stroke volume, systolic blood pressure and pulse pressure occurred during early and mid expiration in these three patients. In the bottom panel of figure 2, recordings were obtained following a period of breath-holding. These demonstrate that a relatively constant stroke volume of 25 cm3 occurred during the latter part of breath-holding; following the onset of expiration the stroke volume increased to 41 cm3. Similar hemodynamic changes were noted in the other two patients.
Discussion
The effects of respiration on left ventricular stroke volume have been studied in chronically instrumented dogs. Guntheroth et al. 3 Obviously, one of the major factors which might influence left ventricular stroke volume in normal subjects during the respiratory cycle is the variation in filling time of the ventricle due to sinus Circulation, Volume XLVIII, July 1973 arrhythmia.3 In our patients, this factor was eliminated either by choosing respiratory cycles in which the R-R interval varied only minimally, or by controlling the heart rate by right atrial pacing.
Several mechanisms have been postulated for the variations seen in blood pressure and stroke volume during the respiratory cycle. Based on their findings of a decreased aortic blood flow during inspiration in an experimental animal model, Shabetai et al. 10 concluded that the inspiratory decrease in aortic pressure was due in part to direct transmission of negative intrathoracic pressure to the aorta, and in part to a reduced left ventricular stroke volume. This reduction in left ventricular stroke volume may occur because the inspiratory decrease of intrathoracic pressure results in redistribution of blood into the more compliant left atrium and pulmonary veins at the expense of reduced filling of the less compliant left ventricle.9 21 Another mechanism which has been postulated is that the inspiratory increase in right ventricular output affects left ventricular stroke volume during the succeeding expiration. According to this mechanism, the inspiratory decrease of left ventricular stroke volume results from delayed transmission through the pulmonary vasculature of the expiratory decrease in right ventricular output and should be followed by an 7, 21 The one factor common to all theories is that a decrease in left ventricular filling and subsequent stroke volume occurs during inspiration. The responsible mechanism has not been further elucidated by the data from our patients. The marked respiratory variation in left ventricular stroke volume in our patients with pericardial tamponade resulted from: (1) an immediate fall in stroke volume with the onset of inspiration, and (2) a marked increase in stroke volume several heart beats later. Following breathholding the onset of inspiration resulted in an immediate decrease in left ventricular stroke volume, systolic blood pressure, and pulse pressure. This was followed in two to three heart beats by a marked increase in these parameters ( fig. 2) 
